Rubella virus (RV) generally causes a mild disease but it is highly teratogenic when infection occurs during the first trimester of gestation. Under in vitro conditions, RV induces characteristic cytopathic changes on several cell lines, e.g. cell detachment from the monolayer and condensation of chromatin. The purpose of this study was to characterize RV-induced cell death and to determine the factors that might be involved in this process. Both acutely and persistently infected cells exhibited alterations characteristic of apoptosis, including DNA fragmentation, annexin V staining and reduced DNA content. UV-inactivated RV did not induce apoptotic cell death and expression of RV structural proteins in a transfected cell line was not sufficient to induce apoptosis, supporting the interpretation that replicating virus is necessary to provoke apoptosis. Both persistently infected and 24S-transfected cells retained their susceptibility to undergo apoptosis in response to either staurosporine or camptothecin. This indicates that RV does not block chemically induced apoptosis. The signals involved in RV-associated apoptosis appear to be independent of p53 and of the Bcl-2 gene family.
Introduction
Rubella virus (RV) is a single-stranded RNA virus with positive polarity. The capped and polyadenylated genome (approx. 10 000 nucleotides) contains two open reading frames encoding nonstructural (NS1 and NS2) and structural proteins (capsid protein C and two envelope glycoproteins, E1 and E2). The virus replication cycle is confined to the cytoplasm of infected cells. Generally, the virus causes a benign childhood disease with an exanthema mediated by antigen-antibody immune complexes (Wolinsky, 1996) . However, RV infection is of clinical concern if a pregnant woman has been infected within the first trimester of gestation. Placental transmission of RV to the foetus at this stage often leads to severe congenital malformations affecting the ear, eye and heart (Gregg, 1941) . RV-infected foetal organs contain significantly reduced numbers of cells compared with uninfected controls (Naeye & Blanc, 1965) and this is reported to be due to growth inhibition during organogenesis (Plotkin & Vaheri, 1967) . RV, which is considered to be a non-cytopathic virus in most mammalian cells (Wolinsky, 1996) , could cause dysregulation of organogenesis by inducing either apoptosis or necrosis.
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Fax j49 341 971 4309. e-mail liebert!medizin. uni-leipzig.de Apoptosis is an essential and highly conserved mode of cell death that is important for normal development, host defence and the suppression of oncogenesis (Kerr et al., 1972) . It is characterized by chromatin condensation, a reduction in cell volume and endonuclease cleavage of DNA into oligonucleosomal length fragments. Apoptosis is also accompanied by a loss of membrane phospholipid asymmetry, resulting in the exposure of phosphatidylserine (PS) at the surface of the cell (for a review see Hale et al., 1996) . A number of stimuli can provoke programmed cell death, including viral gene products (Hardwick, 1998 ; Razvi & Welsh, 1995 ; Teodoro & Branton, 1997) . The pathways for both the induction and prevention of apoptosis are highly complex and in many cases are still unclear.
Apoptosis represents an important mechanism for the control of virus infections. On the one hand, apoptosis may facilitate the spread of progeny viruses to neighbouring cells. On the other hand, apoptosis in the early stages of infection would restrict virus replication efficiency. Therefore, it is conceivable that viruses have developed strategies to regulate their apoptosis-inducing potency by using different signal transduction pathways or, mediated by receptor stimulation, PKR activation, etc., by transcription of certain genes. Several DNA tumour viruses encode proteins that interact with key regulators of the cell cycle to block apoptosis by inactivation of the tumour suppressor protein p53. Examples include (i) blocking of p53 transcriptional activity following binding of adenovirus E1B 55 kDa protein to p53, (ii) targetting p53 for accelerated degradation by human papillomavirus E6 protein and (iii) blocking of p53 DNA-binding activity mediated by SV40 large T-antigen (Muro-Cacho et al., 1995 ; O'Brien, 1998) . Conversely, apoptosis can be blocked independently of tumour suppressor protein inactivation, as exemplified by herpes simplex virus (HSV) type 1-encoded serine\threonine kinase U S 3 (Leopardi et al., 1997) and the lack of programmed cell death as a consequence of Semliki Forest virus (SFV) infection when using p53 -BHK cells (Glasgow et al., 1998) .
Members of the Bcl-2 family play a central role in both the suppression and promotion of apoptosis, since p53 serves as a positive regulator of Bax expression and a negative regulator of Bcl-2 expression (for reviews see Allen et al., 1998 ; Lincz, 1998) . Bcl-2 and Bax form heterodimers that can be responsible for the alteration of cell death, depending on the ratio of the two proteins within the complex. Some viruses, including Epstein-Barr virus, human herpesvirus-8 and herpesvirus saimiri, encode Bcl-2 homologues that are able to substitute for cellular Bcl-2 (Cheng et al., 1997 ; Derfuss et al., 1998 ; Henderson et al., 1993) . Furthermore, members of the Bcl-2 family are involved in regulating the activation of caspases, enzymes that play an important role in the final, execution step of apoptosis (Green & Reed, 1998 ; Grandgirard et al., 1998) .
This study demonstrates that the cytopathic changes caused by RV infection are, at least in part, mediated by initiation of programmed cell death. The induction of apoptosis depends on both active virus replication and virus titre. The signals involved in RV-induced apoptosis appear to be largely independent of levels of expression of Bcl-2, Bcl-X L and Bax and RV structural proteins are obviously not involved directly in the induction of programmed cell death.
Methods
Cell culture and virus. Vero 76 cells were grown in DMEM supplemented with 10 % foetal calf serum, 2 mM glutamine and antibiotics at 37 mC in a 5% CO # atmosphere. Cell culture supernatant of uninfected cells was used for mock infections. Virus stock (RV strain M33, 10' Further cell lines that were maintained and infected under similar conditions were human umbilical vein endothelial cells (ECV 304), diploid human foreskin fibroblasts (HFF) and diploid human epidermoid carcinoma cells (Hep2). The amount of infectious virus released from infected cells was determined by the TCID &! method. Protein expression was demonstrated by immunofluorescence or Western blot using either monoclonal antibodies or polyclonal or reconvalescent sera. Inactivated M33 virus was generated by irradiation with UV light (8 W, distance 10 cm, 1 mm deep liquid, 10 min) and the loss of infectivity was monitored by immunofluorescence with polyclonal and monoclonal antibodies as well as by attempts to rescue infectious virus. Rubella viruslike particles (RLP), consisting of empty spherical particles containing RV structural proteins but not viral RNA, were also used for treatment of cells (Hobman et al., 1994) .
Plasmid construction. Cell lines expressing RV structural proteins (24S-Vero) were established by lipofectamine transfection of a plasmid that contains the 24S subgenomic RV sequence encoding C, E2 and E1. The 24S subgenomic RV sequence was cloned into the pcDNA3 vector (Invitrogen). The 5h primer AATGAATTCATGGCTTCCACTACCC-CCATCACCATGGAG contains an EcoRI restriction site (underlined) and the 3h primer AATTCTAGACTAGCGCGGTGCTATAGCGCCG-CGCAA contains an XbaI restriction site (underlined). A plasmid containing approximately 6 kb of the 3h end of RV HPV77 cDNA (a kind gift of H. L. Nakhasi, Bethesda, USA) served as the PCR template. Ligation and transformation were performed according to standard protocols.
Apoptosis-inducing agents. Three different substances that induce apoptosis efficiently were used at optimized concentrations. These substances lead to apoptosis by different mechanisms. Staurosporine is a potent protein kinase C inhibitor that rapidly induces disruption of actin filaments (Takahashi et al., 1998) . Camptothecin inhibits topoisomerase I (Cotter et al., 1992) and hydrogen peroxide alters several cellular events at subtoxic concentrations, including Ca# + signalling, protein phosphorylation and cytochrome c release from mitochondria (Suzuki et al., 1997) .
DNA ladder analysis and terminal deoxynucleotidyl transferase-mediated dUTP nick end labelling (TUNEL) assay.
Two independent assays were performed to detect DNA fragmentation, a hallmark of apoptotic cell death. Attached and floating cells were harvested separately and treated with lysis buffer (Qiagen). The DNA was precipitated by ethanol-sodium acetate treatment. Redissolved DNA (12 µg per lane) was subjected to 1n2 % agarose gel electrophoresis in 1i TBE buffer and stained with ethidium bromide. The appearance of an approximately 200 bp DNA ladder has been reported to constitute a clear feature of apoptosis (Hale et al., 1996) .
The TUNEL assay was performed with the Fragmentation Detection kit (Calbiochem) according to the manufacturer's protocol. Briefly, cells were grown on glass slides, fixed in ice cold acetone, rehydrated and digested with 20 µg\ml proteinase K. Endogenous peroxidase was inactivated at room temperature by treatment with hydrogen peroxide in methanol for 5 min. The specimens were overlaid with 60 µl TdT labelling mix containing the terminal deoxynucleotidyl transferase and biotinylated dUTP. Fragmented DNA was visualized using streptavidinperoxidase conjugate and DAB\hydrogen peroxide.
DNA staining with propidium iodide (sub-G1 technique).
A smaller cell size and the condensation of chromatin are characteristic features of cells undergoing programmed death, as is a reduced DNA content due to leakage through the membrane by diffusion following fixation with methanol. Both effects together lead to the occurrence of a so-called sub-G1 cell population containing cells of lower DNA content compared with cells in the G1 phase of the cell cycle. Cells were harvested at different time-points after infection (acute infection) or after subcultivation (PI-Vero). Cells (5i10&\ml) were added drop by drop into cold (k20 mC) methanol. After filtration (nylon filter, pore size 60 µm) and incubation with ethidium bromide (50 µg\ml in PBS supplemented with 1 µg\ml RNase A) for 30 min at 37 mC, cells were analysed by using a FACScan cell sorter (Becton Dickinson) and the CellQuest research software. Annexin V staining. Another hallmark of apoptosis is the redistribution of PS from the inner to the outer layers of cell membrane, which can be detected by using the phospholipid-binding protein annexin V (Koopman et al., 1994) . PS was detected by using the ApoAlert annexin V apoptosis detection kit (Clontech). The proportion of positive cells was counted by UV light microscope.
Western blot analysis. Lysates were prepared from infected and non-infected cells in buffer (40 mM KCl, 25 mM Tris, 1 % Triton X-100). The protein concentration was determined by the Bradford method (BioRad). For Western blots, 30 µg protein was electrophoresed on a 10 % SDS-polyacrylamide gel (Mini Protean II chamber, Bio-Rad) and proteins were transferred onto PVDF membranes (Millipore). For immunostaining, the following antibodies were used [diluted 1 : 500 to 1 : 1000 in TBST (150 mM NaCl, 20 mM Tris, 0n05 % Tween 20)] : anti-RV capsid (kindly provided by H. L. Nakhasi), anti-human Bcl-2 (Upstate Biotechnology), polyclonal anti-human Bcl-X L (Santa Cruz Biotechnology) and antihuman Bax N terminus (Upstate Biotechnology). The antibodies were incubated overnight at 4 mC. HRP-conjugated anti-IgG (diluted 1 : 10 000) was used as the secondary (detecting) antibody and visualized by the ECL system. Determination of the expression of tumour suppressor protein p53 was performed with anti-p53 MAb (DO-7, DAKO) and detected by peroxidase staining (BM blue HRPO substrate, Boehringer Mannheim).
Results

Apoptosis in acute RV infections
At 48-72 h p.i., Vero cells infected with RV strain M33 (m.o.i. of 1) exhibited cytopathic changes, e.g. rounding of cells, detachment from the monolayer and condensation of chromatin. Concomitant with these alterations, cell shrinkage and membrane blebbing were observed. The appearance of dying cells (identified by trypan blue exclusion staining) was time-dependent. To determine whether the cells had died as a result of apoptosis or necrosis, the cellular DNA was isolated, run on agarose gels and tested for the presence of characteristic DNA fragmentation. DNA laddering was first observed on day 5 p.i. (Fig. 1 a) . Fragmented cellular DNA was not detected in mock-infected Vero cells up to at least 3 weeks after subcultivation. DNA analysis of attached and detached cells revealed that the majority of apoptotic cells were in the floating population (Fig. 1 b) . Vero cells infected with wild-type HSV-1 served as a negative control.
To confirm DNA fragmentation by an alternative method, the TUNEL assay was employed. Infected cells exhibited 10-15 % stained nuclei 5 days p.i., whereas less than 4 % were observed in mock-infected cells. Staining of parallel cultures with polyclonal as well as monoclonal antibodies revealed 80 % of cells to be antigen-positive at this time-point. Nuclei of floating cells stained almost 100 % positive in the TUNEL assay, indicating that the detached population was apoptotic. To quantify apoptotic cells, RV-and mock-infected cultures were monitored by flow cytometry employing DNA staining with propidium iodide (Darzynkiewicz et al., 1992) . The sub-G1 fraction increased with time after infection and 31-38 % of cells exhibited this apoptotic marker on day 6 p.i. (Fig. 2) .
The redistribution of PS to the outer layer of cell membranes was detected by using annexin V (Koopman et al., 1994) . Annexin V also binds to intracytoplasmic PS when membranes are disrupted, as in necrotic cells. This makes it more difficult to differentiate late apoptotic from necrotic cells. Therefore, double-staining with propidium iodide for DNA was performed to distinguish cells with intact membranes from those with disrupted membranes (Fig. 3) . The number of annexin Vpositive cells was elevated significantly in the infected cell population compared with mock-infected cells (Table 1 ). The effect of UV-inactivated RV (UV-RV) and of RLP on Vero cells was investigated, to test whether apoptosis was initiated early in the virus life-cycle by the attachment of virions to cell BGFJ Fig. 2 . Sub-G1 technique for detection of apoptotic cells. Cells were harvested at various time-points p.i., incubated with propidium iodide and subjected to FACScan analysis. Cells with reduced DNA content appear as a shoulder of lower propidium iodide content to the left of cells in the G1 phase of the cell cycle. The figure illustrates a typical set of experiments. 
Persistently infected and 24S-transfected Vero cells
To investigate whether the effects we observed were dosedependent and were related to the amount of infectious virus released, a persistent RV infection was established in Vero cells (PI-Vero). For this purpose, cells were infected with low input virus (m.o.i. 0n004) and cultures were subcultivated repeatedly at weekly intervals. PI-Vero cells did not grow to confluence during the initial six passages and cell division was slower than cell decay. Thereafter, cell generation returned to normal. While the cytopathic changes described were clearly visible initially, the cells exhibited minimal cytopathology in later passages. When stable PI-Vero cell cultures were established, maximum RV titres of 10%
n & TCID &! \ml were recovered, compared with 10' n & TCID &! \ml in acute infections (Fig. 4) . Approximately 30 % of PI-Vero cells expressed RV proteins, as demonstrated by immunofluorescence. Although no DNA laddering or increase in TUNEL-positive cells were observed for 6 days after subcultivation, quantitative de- termination by FACS analysis revealed up to 18 % of the cells to be in the sub-G1 fraction. The frequency of apoptotic cells, however, was lower at all time-points in PI-Vero compared with acutely infected cells (Fig. 5) .
To determine which viral protein(s) might be involved in the induction of apoptosis, Vero cells were stably transfected with 24S subgenomic RV RNA (24S-Vero). These cells expressed the RV structural proteins C, E2 and E1, as demonstrated by Western blot analysis, and immunofluorescence assays revealed cytoplasmic expression of RV proteins in more than 90 % of cells (data not shown). Despite high expression of all RV structural proteins, no apoptotic features were found, suggesting that the presence of RV structural proteins is insufficient for the induction of cell death (Table 1) .
To exclude the possible selection of clones resistant to apoptosis, cells were incubated with various exogenous stimuli of apoptosis (staurosporine, camptothecin, hydrogen peroxide). Staurosporine (0n5 µM), camptothecin (1 µM) and hydrogen peroxide (1 µM) all caused apoptosis in mock- infected and 24S-transfected cells as well as in PI-Vero cells within 15 h (Table 2) . Remarkably, the elevated numbers of apoptotic cells in persistently infected cultures indicate additive effects of RV and exogenous stimuli. No evidence was found to indicate the selection of apoptosis-resistant clones. To investigate the mechanism of RV-induced apoptosis, the levels of expression of p53 and of Bcl-2 family members (Bcl-2, Bax and Bcl-X L ) were determined. The levels of expression were compared in lysates of mock-infected, RV-infected and 24S-Vero cells. No significant changes in the levels of expression of Bcl-2 family gene products were observed (Fig. 6) . Similarly, the levels of p53 expression were not altered in Vero cells as a consequence of either acute or persistent RV infection or 24S transfection. 
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Discussion
The present study demonstrates that the cytopathic effect that follows RV infection in vitro is mediated by the induction of apoptosis. Detachment of infected cells from monolayers and the concomitant appearance of cellular DNA fragmentation was observed in infected, but not in mock-infected, cells. Both TUNEL assay and FACScan analysis (sub-G1) showed that more than 90 % of floating cells were apoptotic. The relative percentage of apoptotic cells was correlated with the amount of virus produced. The data are also consistent with annexin V binding of PS. Apoptotic cell death was also observed in human diploid cells, irrespective of the induction of a cytopathic effect, and furthermore, the hallmarks of apoptosis were also observed in persistently RV-infected cells, albeit to a lesser degree. Since the latter retained their susceptibility to chemically induced apoptosis, it is unlikely that resistant clones have been selected during the establishment of persistent infection. Moreover, RV does not interfere with the signalling pathways used by these substances. The progressive decrease in the number of apoptotic cells correlates with lower virus titres produced. Together with the observation that UV-RV and RLP (Hobman et al., 1994) were ineffective in inducing apoptosis, our data are consistent with the interpretation that active virus replication is a requirement for the induction of apoptosis by RV. Our findings indicate that apoptosis is not induced by the mere attachment of RV to and\or penetration of RV across host cell membranes and this suggests that the initiation of apoptosis depends on later steps in the virus replication cycle. To investigate whether soluble factors released from infected cells induce apoptosis in adjacent uninfected cells, Vero cells were incubated with conditioned supernatant from RV-infected cultures depleted of virions. No apoptosis was detected, suggesting that the presence of RV particles is necessary for apoptosis.
Virus structural and nonstructural proteins have been identified as contributors to the initiation of cell death. Examples include gp120 of human immunodeficiency virus, G protein of rabies virus and E2 protein of Sindbis virus (Uchiyama et al., 1997 ; Thoulouze et al., 1997 ; Ubol et al., 1994 ; Joe et al., 1998) . Surprisingly, the RV structural proteins, C, E2 and E1, were not able to induce apoptosis when expressed in Vero cells. Circumstantial evidence for the involvement of nonstructural proteins has, however, been reported. Investigation of RV-induced plaque morphology on Vero cells, using infectious cDNA RV transcripts, has shown that mutations\deletions in the virus 5h genome region result in profoundly depressed nonstructural protein synthesis accompanied by barely detectable plaques and low cytopathogenicity (Pugachev et al., 1997 ; . Also, the deletion of the NS2 protein reduces apoptosis in SFV infection (Glasgow et al., 1998) . Similarly, the presence of double-stranded RNA-and activated RNA-dependent protein kinase (PKR) induces apoptotic cell death in vaccinia virus infections where the deletion of the viral E3L gene was shown to lead to activation of PKR (Lee et al., 1994 ; Kibler et al., 1997) . RV replication includes the formation of complexes that contain double-stranded RNA bound to lysosomal proteins (Magliano et al., 1998) ; an association with cell death has, however, not yet been described.
Although simultaneous expression could mask opposing effects caused by individual viral proteins, it must be borne in mind that expression of isolated proteins includes the possibility of incomplete processing, folding and intracellular transport. For instance, expression of the RV E1 protein in the absence of E2 results in an arrest of E1 in a pre-Golgi compartment (Hobman et al., 1993) . Co-expression of both glycoproteins, however, leads to formation of intermediate heterodimers that are targetted as a complex to the Golgi cisternae. It is conceivable that the arrest of any one of the proteins in the cytoplasmic reticulum or pre-Golgi cisternae could have distinctly different effects on the cell cycle.
The fact that cells persistently infected with RV revealed a somewhat lower profile of apoptotic markers could be due to selection of apoptosis-resistant cell clones. Therefore, additional exogenous apoptotic stimuli, including staurosporine, camptothecin and hydrogen peroxide, were used that activate different apoptosis pathways. At optimal subtoxic concentrations there was no evidence for the selection of apoptosisresistant clones in either persistently infected or 24S-transfected cell lines. Rather, an additive effect of the apoptotic potency of RV and the exogenous stimuli was detected in persistently infected cells, resulting in a significantly elevated number of apoptotic cells compared with mock-infected cells. The experiments revealed further that RV does not block the pathways used by either staurosporine, camptothecin or hydrogen peroxide.
Members of the Bcl-2 family are involved in different pathways of induction and inhibition of apoptosis. Usually, Bcl-2 and Bcl-X L inhibit apoptosis whereas Bax promotes cell death (Brady & Gil-Gomez, 1998 ; Dietrich, 1997 ; Nguyen et al., 1994) . In infection models with the alphaviruses Sindbis virus and SFV, it has been shown that the overexpression of Bcl-2 in vivo and in vitro modulates virus expression and release (Scallan et al., 1997) and results in the establishment of a persistent infection (Levine et al., 1993) . In RV-infected cells, however, expression of the members of the Bcl-2 gene family, Bcl-2, Bcl-X L and Bax, was not affected. Therefore, the results presented here reveal no evidence for a dysregulatory effect of RV, or its structural proteins, on Bcl-associated genes in Vero cells. Furthermore, RV-induced apoptosis is apparently independent of p53. The possibility of an indirect interaction is not ruled out, however, and it is noteworthy that the retinoblastoma tumour suppressor protein interacts with NS2 of RV in vivo and in vitro (Atreya et al., 1998) . The physiological significance of this association remains speculative.
Sindbis virus causes alterations of infected cells similar to those induced by RV and its cytopathic effect in vitro is mediated by apoptosis (Levine et al., 1993) . It has also been shown that induction of cell death in Sindbis virus-infected cultures contributes to pathogenicity in vivo (Lewis et al., 1996) . Although the contribution of RV-associated apoptosis to pathogenicity in vivo remains to be determined, rubella embryopathy could conceivably be related to untimely and inappropriate induction of apoptosis in embryonic and foetal tissue. The underlying mechanisms, however, of the wellknown defective organogenesis supposedly caused by mitotic inhibition (Wolinsky, 1996) is still unclear.
Since the submission of this manuscript, a paper was published demonstrating that Z-VAD is involved in the induction of programmed cell death during RV infection (Pugachev & Frey, 1998 b) .
